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INTRODUCTION

Analysis of electromagnétic fields in the polar ionosphere
1s impossible without detaiied information on its electrical
conductivity. Though enormous literature deals with this /prob-
lem /1-9/7, nonetheless data on the geographical distribution of
electrical conductivity are clearly inadequate. Electrical con-
ductivity of the polar lonosphere depends on two factors: photo-
ionization by =solar radiation and ionization by fluxes of pre-
cipitating particles. As we know, three main zones can be
differentiated by the nature of the preqigitating particles in

the polar ionosphere:
1. auroral zone,
2. region of daytime dip, and
3. polar cap.

The aim of this study is as follows: 1) analysis of elec-
trical conductivity induced by. precipitating partiecles in all
three zones, its interactions with electrical conductivity caused
by photoionization; 2) establishing integrated conductivity of
the E-layer and magnetic activity; and 3) constructing schemes

for the spatial distribuftion of electrical conductivity.

¥ Numbers in the margin indicate pagination in the foreign text.

iii

.
(W]
®

\ :



POLAR
ELECTRICAL CONDUCTIVITY OF THE[IONOSPHERE

L. L, Van'yan and I. L. Osipova

1. Method of Caleculation

The conduetlivity of the ionosphere Tor low frequencles was
calculated based on the generally accepbed formulas (in the

International System of Units): specific Pedersen electrical

conductivity:
AT e vin 7
5/0 = /Ve Zm(wez* VE’} + Mu‘(% N P{:’n)]--’ ]
and specific Hall conductivity: 5 L /b

O = Ne @mj‘%v Mg i) D }

where W, is the ecyclotron LET gyrg7 frequency of electrons,
wi is the eyeclotron frequency of ions,
Ve 18 the total freguency of collisions of electrons wlth
neutral particles and ions,
L&n is the frequency of collisions with neutral particles,
e is the charge on an electron,
m and M are the masses of electron and lon, respectively, and.

N is number density of electrons.

Since we are considering the high latitudes, we will assume
that the geomagnetic force lines are normal to the plane of the

ey e L -

ionosphere, so that‘?ifﬁ}?ﬁiL;§@=a;:?§EH

As we can sSee from the formulas, specific electrical con-
ductivity is the product of electron number density by electrical
conductivity corresponding to unit concentration. Therefore our

problem will be divided into Two stages:



1. Analysis of unit electrical conductivity.
2. Analysis of epatial distributlion of N.

The Jacchia 1970 neutral atmosphéré model_was used in the
caleulation of unit electrical conductivity /T107 with exo-

Spheric temperature T = 1100° K. In order to find how strongly

the selection of model affects integrated cocnductivity, the
integrated conductivity was calculated for 30 different N(h)~
profiles obtained at the statlons Thule and Narssarsuak,{using
neutral models with T_ - 800° K and Too = 1500°, which corre-
sponds to a 530 K change in the temperature of neutral particles
at the elevation 120 km, and 920 X at the elevaticn 130 km. The
results of calculations are given 1in Table 1, from which it is
clear that Hall conductivity in this case varies by an average
of 7 percent, and Pedersen —-- by 20 percent, which falls within
the 1imits of precision of the experimental data used.

Now let us examlne methods of calculating the collision
frequencles Vo and Vin' The dependence of GP on v, is substan-
tial for all altitudes below 100 km where conductivity is low,
while} above this altitude bp .
this study, Ue was calculated based on formulas given in /11/;

and 6, depend weakly on V- In
the electron temperature was taken as equal to the neutral
particle temperature. The frequency of ioi~neutral jcollisions
in the ionosphere uin is the most important parameter, which
has been studied most poorly by the present time. Usually
collisions of ions with neutral particles are viewed as inter-
actions of elastic spheres without allowing for electrical
forces /11-13/. We used the paper by Stubbe /I4/, who presents
expressions for the frequencies of collisions of ions with
neutral particles, taking into account: electrical interactions

of the polarization and charge-exchange types. Based on the

neutral atmosphere /107 ror T = 1100°K and the ionic composiltiong

according to ZiE? presented in Table 2, using Stubbe's formulas



TABLE 1

\ . - Loc 1 g— ! . -
s [ vine fr Pt 1 shoy [ e
: 3 - ieoo% frsoo%#® . 1eoo: jisofif #R
SIERE s {51 s 7 18 |9
Thule [VI196] OI | 3.6 | 3.9 | 81 |38 [6.8 [21,2
02 |35 [3.9] 8.6 |4,0 |5,9 [2Le4
05 | 402 |46 | 842 |46 [545 [2142
04 | S¢7 | €42 | 7e5 | Soft |6e6 [2046
05 15,9 |68 | 7aI | 545 (607 (2042
06 |67 | 72| 73 | 601 |7¢5 [19,1
07 | 6,1 | 6,6 | 8.5 | 645 [8,0 120,0
08 | 8,I | 88| 745 . 75 [942 [T9,7 -
09 | 944 | 10,0] 6,8 |80 [947 (12,2 |
’ 10 | 10,1 | 10,6] 6 | 8.2 [10,0[i9,3
1T | 946 | 10,3| 74 | 8.7 [10,5{19,0
12 110,27 | 11.4] 6,2 | 8.3 [10,0]19,0
I3 18,5 | 94I | 7e8 T1'9.C |98 {748
It 7.7 | 83| 82 | 748 |90 |19,8
I5 {77 18,3 | 7,6 | 743 [842 [1946
16 |83 | 8,8 6,6 | 70 8,5 [19,3 |
17 [7,0 175 ] 73 |65 (8.0 |198
18 [ 6.6 | 7D | 742 |59 [742 [20,0 |
19 [ 548 | 5.8 75 | 5.0 [6,2 [20,6 |
20 |48 5.2 | 7.5 |86 [5.7 |21,2 |
21 [ 3¢l | 3¢t | 948 | 348 |ta7 |24
22 13,5 |38 | 8.6 | 348 [4e7 |20, |
25 |3.2 3.5 | 83 | 3.5 143 20,7
I 2 _t 31 4 15 156 .18 3.3
Worssar- |VI.1966] 12 11,7 |12.5] 2.1 |1044 {12,5] 18,8 °
| suak m |7,0 |70 1 10,5]0,2 |11.2| 19,8
15 19,2 [1049] 7,9 1ve2 11,2} 19,3
I6 8.4 [941 | 7,8 |8,2 |10,0] If,5
17172 |7,9 ] 7,9 |74 {942 | 19,8
18 16,3 6481 7.6 16,1 |7.5 | 20,8
20 {3,7 14,01 9,9 (4,6 [5,7 | 20,0
Mean 70 Mean 1946




TABLE 2

i fAl;—; OHIC comp. - E"%- Neutral -_cg_mpo,sit'o.}’l i %_::
Ny tuge 0 T0T f 0T FH T (AR} O § O Ho |
, I 21 51 4 {536 1 7 8 3 10

100, I0 190 )= = - {77 | I8 5 -
% 120 {10 | 90 } = [ - |71 12 7 -
({150 Sj30 |60 {10 |- | = (6. |8 3 | -
{170 fex |s8 lao f- | - |55 |6 39 -
gzoo 13 |37 |50 |- - {45 & 51 -
11250 7 b4 83 = - a0 b _ 56 -
| 300 « - o]~ - a0 |- 80 -
fsso | | = 95,90, 5,814 * |- o | 2
425 - = {9 (I 5775 - Bi,5| &

Ay

the following expression was derived:
Vg = w107 N, J
where Nn is number density of neutral particleﬁ.

The coefficient K is virtually equal to 0.9 up t¢ the
altitude 170 km, and then Increases, reaching 1.7 at the altitude
300 km and remains constant up to 400 km (Flg. 1). Changes in
the ionic model do not appreciably affect its magnitude.

In calculating the ecyclotron frequencies, the magnitude of
the magnetic field was based on the data in /I6/ for each coor- /6
dinate point.

,j 0
The results of ealculating the unit specific electrical

conductivity and also Vg are gien in Table 3.

As -already indicated, the distribution of electron nmumber
dengﬁty with altitude (N(h)-profiles) is of decisive significance
for the caleculation of conductivity.
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Fig. 1. Coefficient K

Hixm
aae. ; In determining the inte-
i grated Jeonductivity of the sun-
w| lit peclar ionosphere, use was
//) _ made of N(h)—ppofiles obtalined
&y/// - | from the data of ionic scunding
T ¢ at the statlons Thule, Narssarsuak)
and Godhavn. The following initial

letters were used in calculating

.ﬂ . — D
XETI T K

the nighttime integrated conduc-
tivipy:

1. N(h)-profiles obtained

a8 a function of gltitude,

from rocket measurements published
in /6, 17-22/. Most of these

characterize the nighttime auroral ionosphere for different

H, km

geomagnetic conditions (Fig. 2 and Table 4).

2. The results of ground-based ionospherte soundings for
moderate magnetic actlvity. In constructing the schemes of
integrated conductivity of the ionosphere, use was made of the
hourly values of foE. In those cases when fOE was not determined,
the value of fBES of the sporadic layer with grouped delay can be
used in ealculating N. From Table 5 /21/ it fiollows that the
electronic number density calculated by fBES ag{ees well with
the results of rocket measurements at the E-layer maximum.

3. A comparison was made with ionizatilon caused by fluxes
measured on the Kosmos-261 satellite /23/ and the integrated

conductivity calculated on the basis of thése data.

IT.  Regularities of Electrical Conductivity of Polar Tonosphere /7

1. ‘Dark Polar Ionosphere |

As already noted, at least three reglons can be differentiated
in the polar ionosphere: the auroral zone, the polar cap, and the



TABLE 3

REPRODUCTRY ppy 0P g

28211 -/ -
_pEm S mzdén{ o;_-rhz/dm
I [ 2 3 5 5
I . 90 6.48x107  2.96x10-10 I.IBXI0™T0
2 924.% 2.96 . -8.88x107H
3 o 3,Iu 2.96 7,10
" 62,17 2.96 6.24
5 98 1,51 2.96 6.23
6 100 1,05 _ 296 7.08
7 102 7.25:10° - 2.96 8.90
8 I0& 5.1 2.9 I.17:20716
S  I05 3,67  2.95 - 1,58
I0 108 2.63 2,90 2,17
II 110 19T 2,99 - 2.9
12 115 9.2%I0° 2,83 5.96
13 120 8:90 . 2.55 1.02x10713
In 125 2.85 1.99 I.39°
15 130 .80 1,31 1.7
16 135 1.22. . T.ToxI0~i0 130 _
17 140 7.56x10% 3,49 9.59x1¢76
18 145 6.4 - 2,54 8.29
19 190 4.92 151 - __ 6.52
20 - 155 3.87 © - 9.3u10"17 5,10
2l I60 3.II - 5.99  &.I6
22 170 2.33 2.27 . 3,10 -
23 180 1.8 . 1.9 2,97
24 190 1.32. 9.75x10~ 2 1.70 -
25 200 1.08x10  6.21 1.3
26 270 8.2L«I0° 3,45 1.01
27 220 6.87 2.73 8. 310717
28 230 5.79 1.59 6.85
20 240 4,58 v.20.1¢719 5,93
30 250 3,93 - t, '8 4,
31 260 AW 4,64 3.79
-2 270 3.21 4,22 3,53
33 280 2,37 .21 2.53
3 290 1,95 1,46 2.00
35 300 I.61 - 1,66
3% 310 1.33- - 1.39
37 320 1.2 - 1.24 .
36 330 0.93 - 9,43x10~1E
7 30 0.78 - 7,61
Wy 350 0.66 - 6.50
3l 30 0.54 - 5,27
82 30 0.47 B 4,55
47 380 0.23 - 2.19
a4 380 0.3 _ 3,22
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Fig., 2, Altitude distribution of el_ectronfnmer densit_v' fN,
Pedersen corductivity Ep and Hall conductivity ZH in quiet and

active geomagnetlic conditions

a
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daytime dlp regilon. Let us examine the elecfrical conductivity

of the ionosphere for each of these regions:

Auroral zone. The N{h¥-profiles G, 8, and 12 shown in PFig.

2 1217 characterize the electron rnmmerckﬁwity:h1 }the auroral
zone 1in magnetically-quiet conditions. These profiles have the
following characteristics:

1. Icnization at the level of the E-layer reaches a value

of approximately 3.10M em™3

, which exceeds the nurber dehsity /in
the middie-~latitudinal night E-layey by approximately one order
of magnitude. The precipitating of charged particlés in the
auroral zone sustaining the intensified lonization exists even

in a magnetically-quiet perilod /217.

2., 1In the N(h)—profiles in the nighttime auroral zone
there is no "valley" between the E~i1and F-layers usually T
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obgserved at night at the middle latitudes. Using the N{h)-
profiles 8, 9, and 12, and the table of unit conductivity, the
altitude‘profiles of EH and ZP were calculated. It was found
that Hall conductivity is substantial in the layer at altitudes
from 100 to 140 km and has a maximum (4.5—?.0)'1055 mho/m at
The altitude 115-120 km. In the lower part of the profile
there appear thin layers of intensified conductivity associated
with the irregularities of electron number density. Pedersen
conductivity drops off with altitude much more slowly: its
maximum (2.7-14.5)°107° mho/m) occurs at the altitude 125-130 km
(Fig. 2).

The integrated Hall conductivity is EH = 1.1-2.0 mho, and /8
the integrated_Peder%en conduectivity ZP f 0.9-1.3 mho. It must
be remembered that the N(h)-profiles used for the calculation
are inadequately sxtensive and do not take intc account the
:coﬁ?ributiomlnade by the F-layer to the integrated Pedersen
conducti#vity. To estimate fthe magnitude of this contribution,
we used a typical N(h)-profile for the quiet nighttime high-
latitude lonosphere /B /. The integrated Pedersen conductivity
of the regilon of the ionosphere from 160 to U400 km calculated
based an this profile is approximately 0.5 mho. In the esti-
mates of the conductivity in thils same range of altltudes based
on the night N(h)-profiles for the Narssarsuak Station, the
values of 0.3-0.5 cmhl were obftalined. Taking this correction
into account, the Pedersen conductivity of the auroral zone in
quiet conditions will be 1.2-1.6 cm_l. For /comparison, we
point out that in the nighttime ionosphere at the geomagnetic
latitude 50°, Z; = 0.4 mho and I, = 0.3 mho /8 /. Thus, even

in maghnetically-quiet conditions Z of the nighttime aurocral

H,P
lonosphere exceeds by three to four times the corresponding
conductivities of the nighttime middle-latitude ionosphere.

‘Similar results were obtained in /B /.
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The electron number density in the E-layer of the lonosphere

Increases with rise in magnetic activity. Fig. 2 presents the
electron number density profile 7, 13, and 16 for magnetically-
active conditions, and the corresponding profilles of 6H and 5P'
The magnitude of the horizontal compénent of the magnetic

activity vector |AT,| is given in Table 4. (The numbering of

the e¢urves in the tgble and in the figure is identical.)
Analysis of all the profiles shown Indicates that the nighttime
auroral E-laydr 1s similar in terms of the electron number
density to-the regular daytime E-layer and eXceeds by more than
one order the number density of the surrounding nighttime iono-
sphere, but its thickness assa rule is less than in the daytime
ionosphere, and the shape of the profile changes from indtance
to instance as & function of The properties of the invading

fluxes.

With increase in magnetic activity, the maximum of the Hall

conductivity rises from 10-14 to 10"3 mho/m, while that of the
4 mho/m. The

integrated conductivity also increases, whose values are given

Pedersen conductivity increases from 10'” to 57107

in Table 4., Results of the caleculations suggest conclusions

cohecerning the ratio of EH and EP in the auroral zone. We

know that this ratioc is assumed to be very large in many papers.

Thus, in /247 T./S, ~ 20, in /257 x./¥, ~ 13, and in /267 —

- ~,1o”. Qur calculations show that .“ZH/EP'w 1 in the guiet

nighttime auroral zone. With increase in magnetic activity
within these limits and the E-layer number dengsity, this raftio

rises, but does not exceed EH/EP = 3.

Since the main contribution to conductivity is made by
the E-layer, it was of interest to establish a relationship
between'the integrated conductivitles and themmaximum electron
number density of this layer. This functicn was plotted from
17 points (Table B and Pig. 3), where the coefficient of corre-
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Fig. 3. Plot of the integrated Hall cdn-
ductivity EH and Pedersen conductivity
EPAas functions of maximum concentration

of E-layer for dark polar ionosphere

lation of was 0.0.

The functions shown in
bllogarithmic scale
can be agpproximated

by straight lines.

The scatter on the
average is 20 percent
for the Hall conduc-
tivity and 15 percent
for the Pedersen
conductivity, although
there are individual
deviations up to 50
percent. The functions
plotted enable us to
estimate ZH and ZP of
the auroral zone by
using the critical
frequencies of the
E-layer based on data
of lonic soundings.

It was of no less
interest to establish
how the conductivity
changes In the function
of the strength of the

/10

magnetic disturbance. This function was plotted for disturbances

up to 180 4 in /G /.

Table 4 gives the data on the magnitudes of 1A7;|:MQZEFI

-

at the moments when “H and EP were calculated from rocketg

measurements. In addition, we can use the dependence of con-

ductivity on the number density of the E-

layer (3 = £(N)),

H,P

11
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or, which amounts to the same thing, as a function of the
critical frequéncy'of’thé'E-layer (EH”P =_f(foEJ), if we can
find the correlation between fOE.and rATHIf To do this, 37
measurements of fOE and lATHJ, were compared at the stations
Churchill, Point Barrow, Murmansk, Tiksi, and Dikson (Table 6).
The coefficlent of correlation is 0.8 (Fig. 4). The circles
deslignate mean values, which quite satisfactorily fit on a
straight line. The scatter of points is quite large, but the
general tendency toward an increase in the critical frequency
with an increase in IAT,. | shows up clearly. Using the function

Eﬁ,P-= f(N) (Fig. 3), fgom the critical frequencies of the
E~layer we can convert to integrated conductivities. Using
the data thus obtained and the results of the calculation
from Table 4, ZH and EP were plotted as funetions of JATHJ.

In Fig. 5, the crosses and polnts denote the values of EH and

EP calculated from the rocket data, and the crosses and polnts
within circles denote data caleulated from averaged values of
foE‘ In spite of the conasiderable scatter of the points, from
the graph it 1s clear that with increase in the magnetic dis-
turbance, conductlvity rises, and its growth slows down for

: I
large fATH .

Polar cap. The most sparce information is available on
the nature of the ionization in the dark polar cap. Only one
rocket measurement of the electron number density is described,
on 20 January 1967 at the Antarctic station Dumon-Durville
/27/ Fig. 6. The launch occurred under conditions of moderate

magnetie activity (K = 5) and in conditions of increased solar
activity (a scale 3 solar flare was observed in this day). The
maximum concentration in the E-layer was l.2f10a cm3. The N(h)-

profile suggests the N(h)-profiles in the quiet aurcral zone,
although the number denslties are 1.5-2 times lower. The
conductivities calculated by this profile are ZP = 0.6 mho and

/117



TABLE 5

H0O0d ST aHVd TYNIORD:

FHY, A0 X777 0ONA0NITE

“ Taunch Date and 4ime |From rocket data g"Es' 1o E—s Type R.emafii
: : 4 Ta Trel o, T 3
: number of 13ULH.Ch- wax. .1:1{:)"(3\_r[1 i g}lggg};‘% VHz | Mz | Eg
: 2 43 4 5 & 7 8 9
, 14,197 31,10.1964 33 ] Sl . (40 |ILS | oaf
selp@e =TT -3 T T TS TS Retuings ndot it afiuly b abahiin
14,202 5,10,1965 : R FE i ond)
S TR = SRR I NSO - K (15 2 SRR
14.278 13.09,1966 246 1,45 I6. . [2,8 ., fFor I0kn
19,35.C3% (2.1) A3 | B[] ¢ For ke
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TABLE 6

e [Station|Date | Time Ll T LTl |
T |Gwrdial ps,2,65 | 0so° 3,3 53
2 11.2.65 |00%° 2.2 | 133
3 20.2.65 |[00%° 2.0 | 25
4 1.4.60 |02%° 5.5 270"
5 |Tiksi [17.1.60 [23°° 3.6 40
6] - {e2%® | 4.0 | I2C
7 25.1.60 |02%¢ 5.2 200
8 17.1.60 jo20¢ 1 3.5 | IC0
¢ : 03°0 3.9 130
10 Q700 2.3 7 |
II {Mrmandd 17.1.60 1790 2.0 Sy .
12 9.1.6¢ {200 5, | 1% -
13 |Dikson | 9.1.60 {04%° 3.9 120
| (590 45,0 |- 140
1% 17.1.60 |03%® 4,0 .} 185
16 0592 5.2 1 30
7 2100 5,0 18¢
18 25.1.60 |00 3,21 I0%
10 1.1.60 ] 04°° 3.5( 160
20 25,1.60 } 04°° 4.3 150
a1 [Churenillf 25,1.60 |-24%° 3.0 | 65
24 ' | g% 3.5 1 15
25 1.1.60 §23%° 4,0 160
261 o poo?° 8 | 70
2711 ‘ 1 0go® 3.2 80
28 - | g5%° 2.7 &0
29 ‘ pee { 2.3 100
] , 0200 | 2.2 50
5T 17.1.60 | 009° 6.8 330
32 ' c1°% | .a 109
33 02°° 2.3 40
o] p3°e 3.4 5
L3 oo g,2 1 110
By 0s%° | -.0 100
A7 27.2.65 | 20%% 3.0 120
b ° .
F THE )
REPR CreILITY




.5; Z K
}I l’ ”:L;
FX3:tY e,
| . X ¥
| ]
j 0.0 et k"
i re &0 /§<.
i . o
| L0 r/ " &5 % a,@ ~ 7
| &0 ° Af;?.' /
# 50 L el | o 7P
e
2.0 ‘ Lw/r{ 1 &0 F
P & ;
rF £ 7
| 10 L . _ T 20 7 ;
| I0 J5 D 30 405D P K0 K AC Iop KOSW PN 000 “'“‘TJ i :
| T R L e ) . &4 -

]

(N

Fig. 4. Plot of critical frequency pbf Fig. 5. Plot of integrated
E-layer (L5 E) as a function of Hall conductivity Zy and

the horizontal vector of magnetic Pedersen conductlvity I, as

activity (AT functions of the horizontal

I
H .
vector of magnetic activity

BTy

EH = 1.0 mho. These values agree closely with the pnlot of

EH P'= £(N) for the dark suroral zone.
3

In December 1968, during the overflight of the Kosmos-261
satellite over the polar cap, fluxes of precipitating particles
were measured. From these datsz, the ionlzation produced by
the fluxes during a period of moderate magnetic activity was

eatimated and the conductivities were calculated: EH = 1.1 mho
and I, = 0.55 mho /23/. This agrees well with the results of

the rocket expefimentiaﬁ}the station Dumon-Durville. Measure-
ment of the critical frequencles of E-layer in the polar cap
were dilfficult, since the measured guantity ofiten proved to be
lower than the lower limit of the working frequency of the
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Fm .
¥ f  E standard ionospheric stations,
y ‘ 1 MHz. This did not permit
#5 7 ' determining the limifting
- IS : values of f E. 0. P. Kolo-
amf‘{ ' e miytsev, taking ovservations
‘1 ¥‘ at the Vostok station in the
.} ‘J \\ Antarttic in the winter of
r | -,fWC\\ 1958, indicated the existence /12
N DN of a regular nighttime E-layer
e it /ﬁf"\ with a critical frequency of
- about 1 MHz, which corresponds
v o Y EoM .o%a-;:'o"chm_q to the concentration of the
- B o E-layer measured in the experi-
A Fig. 6. Altitude distribution ment at the station Dumon-
of electron concentration N, Durville /287 Analysis of
Pedersen conductivity EP, and the values of fOE and fBEs
Hall conductivity EH at Dumon- for January over a period
Durville Station of several years at the

Godhavn station showed that

the nighttime values of these quantities fluctuates within the
range 1.0-1.5 MHz, in a number of rare cases reaching 2 MHz
{the lower limit was determined by the technieal capabilities
of the measurements). This corresponds to ZP ~ 0.5"1.2 mho

and X
ionosphere is also subjected to conductivity fluctuations,
but to a considerably lesser degree than the auroral zone.

q o~ 0.8-2 mho. All this indicates that the polar cap

Region of Daytime Dip (Geomagnetic Latitudes 78-81°)

There are even less data on the conductivity in this region
in the dark conditions than for the polar cap. The estimate

of the conductivity based on calculations of icnization caused
by fluxes measured on the Kosmos-261 satellite /237 give values



of EP = 2 mho and EH = 3 mho. Estimates of conductivity for

the Godhavn station by analysis of January values of fOE.give
Zp~ 2.5 mho and EH ~ 4.0 mho, which satisfactorily agree
with the conductivitles obtained from satellite datsa. This
suggests that the intégratéd conductivity in this region is

2-4 times greater than the conductivity in the polar cap.

2. Sunlit Polar Tonosphere

To determinelthe conductivity of the sunlit polar ionosphere,
we used 212 N(h)-profiles plotted from the results of ilonic
soundings at the statlions Thule, Godhavn, and Narssarsuak in - 4/13
quiet geomagnetic donditlons for different levels of sunlight l

and solar actlvity.

Daytime wvalues of SH and I vary approximately from 3 mho

near fthe terminator to 13 mho gt the zenith angle of the Sun
X = 40°, The relationship between the magnitudes of the day-
time integrated conductivitilies and the électron number density
at the maximum of the E-layer shownh 1In Fig. 7 is clearly
visible. The points denoted with circles refer to the arith-
metic mean conductivities obtained from 4-28 measurements.

In the graph are shown also the maximum devliation from the
main. The linear dependence of fg EH,P on fg N is well defined.
The values of the mean and maximum scatter of the calculated
values of Eﬁ and ZP are given in Table 7. The mean scatter of
the values does not exceced 20 percent; ghere 'are only individual
jumps with a maximum deviation up to 50 percent. Calculations
show <that EH/EJP is close to unity (Fig. 8). It is somewhat
legs than unity in the morning and evening hours and somewhat

greater around nocontime.

The correctness of these correlations can be checked by
two rocket measurements made at the station Churchill on 4 June
1957 at 11:16, CST /297 and the statlon Dumon-Durville on 29
January 1967 at 11:20 LT /Jocal time/ /27/.

17!



. & ‘ In both cases
'gxm ' ' the measurements were
;A$$ : ’1 1 taken under conditions
I\ }f Zp of high solar activity
“"{@ ] and solar zenith angle
TP ‘ (X = 45°), The results
3 AT : T of the measurements are
o i [. 1 : as follows: at the
B ey N A1 station Churchill
X ./ Y, = 18 mho, T, = 14 mho,
v EH/EP = 1.3 mho; at the
% ‘; T o 2 o G e station Dumon-Durville
} #m#_ra .5 ”hmﬁlukqu.{;‘ & ZH = 20 mho, EP = 16.5 )
e o e Sl mho, and Z /3, = 1.2 mho.
Fig. 7. Integrated Hall and integrated In both cases the

Pederson conductivities as functions of
maximum concentration of E~layer for with the statistical

sunlit polar ionosphere dependence X b = £(N)
H,

for jthe sunlit polar icnosphere. Ionization of the lonosphere
assoclated with the wave radiation of the Sun is evidently
primary in the sunlit polar ionosphere 1in quiet geomagnetic
conditions.' The dependence of conductivities on the solar zenith

angle X is very satisfactorily abproximated by the sine law:

Zp oo
s »Teros0+88y.

Thus, lonization by flux in the polar cap and the region of the
daytime dip is several times weaker than ionization by solar
radiation, especlally when the angleiX 1s close to 459, The

same can be sald also concerning the auroral zone in magneﬁically—
quiet conditlons. During the periods of magnetic activity,

ionization of the auroral zone associated with fluxes increases

results agree well with /14



TABLE 7

N -3

J Ny : Mean value @, Mean de‘viatipngf\!]aximum
H7 Rt maximun from mean valde aev. from
b E-layer) 2g g Corhpoma®  b2p # mm;_‘valu;
‘ 1 2 3 4} 5 3 ? 8
1Rs 4.5,10% 27 | 3.6 | 81 | 33 | 18| 50
12, [5e0 3,1 3,9 | II6 | 5.8 | 4I,9| 20,5
\ 3. |S45 36 | het | 849 | 7.6 | ILI| 740
k. 16,0 3,9 1 g6 | D3I | 4e3 25,7| 9,7
5s 645 - 443 4,9 6e2 302. ‘ I1.6] 842
6. {740 5,0 5.4 | 7.4 | 3,0 18,0 | 445
7. [840 59 62 | 8.8 | 7,2 | 20.1] 22,6
18, 9,0 6. | 648 45| 4,0 22,5| 18,2
B ENEX: 721 | 2.0 | BJI) 25 36,6 | 5,6
| 10, 1PxI0° 74 | 7.7 | Du6 | 3.8 | 83,0] 9.1
I LI 88 83 | 5.2 | 3.7 47,7 10,8
| 212 2,6 9.1 | By5 | 2.8 | #68| 1n2||
L 13.]1,3 10,5 | - 9.8 | 18,8 | %I 51,2 | 214
1

and can make a substantial contribution to total conduectilvity

equal to or greater than the contr@bution made by photoionization.

Reliability of Results

Above we already presented data on the deviation from the
mean values in the plotting of the empirical functlons EH,P =
= f(N) for the sunlit and dark ionosphere. On the average,
these deviations do not exceed 20 percent and can be assumed to

be quite acceptable (Table 7). Selection of the model of the

neutral ionosphere also weakly affects electrical conductivity
values (Table 1). It -was of interest to find how the results

19/
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fz ﬁ' o ‘ : o are affected by changes
'/7/3
%

' - . in the methods of

i .

2] calculating Vig: For

© oy - this purpose, conduc-

éi el tivity was calculated

It _—

? &t 41 from 80 N(h)-profiles,

a j g 3 where V., was calcu~ *
NG ou in

& 3 4 S eTislonzni lated by the formula

\}m‘-lifo 27;0/_97 _;’E?-.X

Fig. 8. Ratio ZH/'EP as function of
maximum concentration of E-layer Iin il_

the sunlit polar ionosphere The function zH P = /15
= f(N) caleulated from these results have the same correlations
as Fig. 7, but EH was reduced 58 percent, and EP
A. M. Lyatskaya /9 7 calculated the conductivity of the sunlit
polar. cap from the results of ionlc soundings at the station
Bukhta Tikhaya. In her calculations she used the CIRA-1965

model of the neutral atmosphere, and she calculated Vin by

by 48 percent.

the formula

Vi = z.oro’//vnwm ]

T e — e o

/12/

where N, is the number density of ions, and M is the molecular

1
weight. It was found that the mean values of X are)BO percent

smaller, and EH -~ 60 percent smaller than ocur Eesults, although
the correlations persist. All three functions are shown in

Fig. 10, where the main result is denoted with a solid line,

the conductivity for the altered Vin_ig denoted with a dasHed
line, and the results of A. M. Lyatskaya are denoted with a

dot-dashed line. Conductivity was caleculated from the N{h)-
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Fig. 9. Comparison of results of calculations of tonductivities
by three different methods

profiles No. 14, 15, and 16 from Tabley7 in the paper /6 /.
Here the mean wvalues of Yin from data in the literature were
used. Below we present a table in which the results are compared:

.‘r : . 7'
WA PETom 6]
'Mowﬁdata iiﬂr

Results in present .

gtudy
‘ Zu Zo VEu/Zol Cu Zo |Zw/is
Ta | 34,5 [I4,05 [2,44 28 12,2 2.3
15 :3,0 16,2 12,16 33 15 2,2
16 2745 115,58 11,77 24,6 Th 3 T,
We see that the conductivitiss agree closely with sach other,. /16

Thus, a comparison of the different methods of calculation
allow us to state that the posslble deviations do not exceed
1.5-2 times. Here it 1s Iimportant to note that the ratios cof
the conductivities of the different ionospheridc regions remain

practically unchanged.

o
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ITI. Schemes of Electrical Conductivity of the Polar ITonosphere

The above-established Ffunctions EH'P_=;f(N) made it
- .TH,P
possible to plot conductivity schemes, by using the hourly
tables of critical frequencies of the E-layer for a network

of lonospherlic stations (Table 8). As an example, we present

the schemes for January, June, znd September 1960. Since in

the constructions use was made of the medlan values of fOE and
foE,, the resulting schemes characterize moderatély active.

conditions. Twd moments.of world time were chosen -- 00:30 UT
(nighttime on the American contlnent) and 17:00 (nighttime on
the Asiatic continent).

In 1960, when ionograms of high-altitude stations in the
USSR were being processed, a nighttime E-~layer was differentiated.
At the Canddian stations, this same layer was singled out as.
ES with a group delay (Ltype 2). In this case the values of

f@ES were used in constructing the conductiviiy schemes.

As already stated, the critical frequencies of the E-layer
and the conductivity tensor of the polar ioncsphere depend
simultaneously on the degree of solar illumination (zenith angle
of the Sun) and on the geomagnetlc activity. The first value
is a function of the geographical coordinates, and the second -- /17
-~— of the geomaghnetiec coordinates. The observed quantities
reflect the total effect'

Aok Q} )+ G AP

The inadequate number of icnhespheric stations compels us
to use all available hourly measurements. Here, we must separate
Fl and F2 and represent the part associated with photoionization
in geographical coordinates, and the second part associated with

fluxes -- in geomagnetic coordinates.

The critical frequency of The E-layer as a function of the
zenith angle of the Sun 1s qulte accurately expressad by the

o



(€2

REPRONULT T 'TY OF THE
ORIGINAL PAGE IS POOR

,b)

DTS aus

O 0

| TS
T BT
oy Oy O -€C°§

1o TR

TSR L K AT

R e

3 Ay ; R
R IR . RIS,
IS LR R T T Rl 5

o e e S N ST TN

Xeery :‘.'i;ﬁ’ LR

QRN el W

74
2

kPR Pl
o Y

'{,I‘

U
0,
e

:m—""

¥,
r .

oo L 77 T

ats A
R T T e 4
. 'f’,f"&'&m‘
NPT Ny

£

»,

&,
!‘

)

7
o

P
7,
ry -: f’

v
Y,

4
i
™ a4,

y;

.0

¥,

o

.O

“TEII. o’
S
—

T
i "

e
AT
AR
R
e, o
LR
TIFRRN
g

.‘e
25
a2, ¥
2y
y,
g

)
A
.,.."o n
XL
AN :d"'#
N N
o

bty
0.0, o

v,
..O
NSy
\ ‘%\" ',
-,
e,

e

» W

(R
N,
e
e O,

'y

“)

S,

et
e
X7
\

Fig., 10. Schemes of distribution of integrated conductivities in polar

ionosphere, in Junary 1960: ‘a) I, at 05:00 UT b) Zp at 17:00 UT



. e 4y

S

AR T

v A S X vy =3

R R
S S LRI

LR AR TTINS

nvooo\%s%,mwoéé? Sk ..&..‘ro...p,.ﬁﬁ X

N o 0,850 Ty
IR KA AR T 7 A ‘
L T
oo G A PN
Wk\u&.ﬂ&vm.,v@@ﬁvkx“‘

o S , 4
o .\.v\ 7% 7
% : V4
L o ﬁﬁ:@mﬁﬁﬁw <
ol : Q\M 4250
RS LRI

SHL XN
= ooﬂwxaw\..%.eootsha. q \\v\swﬂ
i .\.ﬂ&&?ﬁﬂw‘wﬂnﬁﬁb‘ig. 7 RS
R R A A BRI Do e
I‘.’\ - I....{ & %"4“ %&f .
’.m.ﬂooo,u?oﬁ... (255 .r&'.n\w.uﬂstw\
mﬁ.‘"‘.“"&.’.‘v‘\‘.‘lfl “ﬁ.\\

s\

e W
T el o

0,
AR
.anM ‘ % \\\

/X7 n&‘.r AT,
S

AMMAmmmwﬁﬁq 7
i o

Schemes of distributlon of integrated conductivities in polar

7
F

A/ ,\\)w. . .
,ﬁ S A H
| = :

100 UT

Ty oat 17

UT d)

00

Ly at 05

o)

icnosphere, in January 1960



162

TR "3".’.‘,’0" - | o P ; : “?S‘v-
% ey ) _ . p R o
SRk, Sy
' €4 X E ) y: / % ‘ OO ) I
~. S, Lo ?ﬁg‘*" f
: . NONORRBES oy TS 7
. ¥
‘(‘.wﬁ- f.f/,’f’ ; &6‘.‘ 5 4L 0{- o
N g SN I S s VA (AL 5
" g LAt ) A%y ’0.!
N 5 P AR : %
7 IR RSO .n' 7S % £ /
TRONEING Bl B ]
by e ‘ﬁ%@%mﬁ
. F y " ¢ - -l oy “ENEYS 1/ ALY
a4 B s
= 7 \"o
RS NN s e Y
AN N |
e Y S
w__ T
Fig., 11. Schemes of distribution of integrated conductivities in polar
iocnosphere in September 1960: a) Zp at 05:00 UT b) Zp at 17:00 UT



261

SACALS folels!
RIS

R TERAN

0, % e 5

X Rl

m&ﬁﬁ&@)%ﬁ?.%v Mg
SO A&W%%@&ﬁw

&WWM@%W%MW D fer i s

s

S tal Iy
Hallatdh: e loe Y
%@%%w..ﬁ

y K rio ! 4750 :
R RSt
¢§me mﬁﬁfﬁﬁkﬂ\hﬁ?th

d)

..
",
Sy
C T T e iy
e
o

oo

et Yot
IS

{ﬁ;bh

! ‘v‘Avkaxmﬂ
S R I
5 A

$G‘1
AR
¢M@@W&@ﬁ?@&v

polar
00 UT

Schemes of distriBution of infegrated conductivities in

Fig. 11,

z
H at 17

0O UT  d)

EH at Of/:

c)

ioncsphers in September. 1960



A
t}?‘/
25

"

S
(BN
X o@“
e

¢ i3
GRS
e

o

o
S
N
0
(0

R
(X >
KX

.

ke W
AT At
of XCREHN XD
AT
I St LRI )
RO REIIRLE
QRN e

vl
g/

b, ks
AN P} J

A -

RNy R
G \‘“\\\‘ NN, G

?&@@na&.‘ﬁ?\@ﬁ;ﬁ&:ﬁﬁ

e R R N A O S RS

TR “@{;@;{:{}N

W W &aéM'h"'

by Q};‘}Qoq. /Q

1} L]
3
- . )
W, b
- ol g
. LS ST Ty
g W = S “-
», W ! e, e, 43
w"ié;.’}gl'_‘—‘-ffw"’ R . Aei-td
¥ 0 v g *

AN
A R
N
‘_-' 2

Fig., 12. Schemeg of distribution of integrated conductivities in June 1960:

{LBj

a) Tp at 05:00 UT

b)

z

P

at 17:00 UT



82

% ‘5“ &t‘:‘ﬁé“;“-“' e
’ %;»ﬁwmyga‘g:‘f.%
, 4} o

(" .m’f" "‘:
% s
S ,_'%g{@’@y %
50"".‘," F ‘%.}'{-tozi"” '
WA 05 0% "p}gm&n;ﬁ‘s‘guw

A RPN Nt g

LRV Baas g I

RGRIEAKI @ /5
<7

& ‘8} S A et 7
(A IR \\/ &
RSl

&
O N Wity g e O 5,
SR “ﬁ‘aﬁfpﬁfw A
% 9, ALK £
SNl oS
SN ka2l

g g
So 7 W v
N Lo
T v

%ﬂ_ u‘,q

¥
RO
T o S o
; VAR o
SRR

Fig. 12. Schemes of distribution of integrated conductivities in June 1960:
_¢f) Ty at “05:00 UT d) Iy at 17:00 UT



cosine law, and on thils basls monthly forecast maps of the
critical frequency of the E-layer aré‘conStructed. This made

it possible, by subtracting fPOm'thé obSérvéd critical frequencies
the forecast frequency, to détérmine thé ancmalous part asso-

clated with geomagnetic activity.
The schemes were constructed as follows:

1. The boundary of the illumination of the iloncsphere
'gt\the level of the E-layer in local time was determined for
each station.

2. The wvalues of EH and EP wereJdetermined ffor the dark

ionosphere from the plot EH p = f(N) in Fig. 3, and these values
3

wefe entered on the correspondling schemes 1in geomagnetic coor-

dinates.

3. The values of ZH and ZP were determined from the plot

f(N) in Fig. 7 for the sunlit ionosphere.

x
2o

H,P

[

4, The critical frequenciés of the E-layer in the sunlit
portion were compared with the forecast frequencles. When
fthere was agreement, the conductivities were entered in the
scheme 1in geographic coordinates. When there was disagreement,
the conductivities obtained by the plot EH,P = £(N) (Fig. T)
from forecast data were entered in geographical coordinatées,
and the difference between the conductivities obtained based /18
on obsérvations and forecast data were plotted in geomagnetic

coordinates.

5. The schemes plotted in geographical and geomagnetic
coordinates were placed one over the other for a specific world
time and the conductivities were added, after which the equal-

conductivity lines were drawn.

Let us proceed to describdng the schemes that enable us
to answer an important question: what 1is the nature of the

29]
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coupling of the region of increased conductivity due to corpus-
cular fluxes with the lonosphere illuminated by the Sun?

In January, thé boundary of illumination 1iés at + 60°
Greenwich Mean Latltude. This means that the’entirgﬁpolar cap
north of 60° is in darkness (Fig. 10). In the auroral latitude
(60-70°) a well-defined zone of increased conductivity with
maximum EH = 13 mho and ZP = 8.0 mho becomes evident. It is a
ring broken in the post-meridian hours and not in contact with
the sunlit ionosphere. Here the conductivity maximum is shifted
toward the early morning hours. On the south, on the nighttime
side the ring is encircled by the nighttime middle-latitude

ionosphere with Z <1, and on the north lies the polar cap

H,P
with Z =< 1. As we can see, the conductlvity of the auroral

Zone egézeds the conductivity of the surrounding ilonosphere by
more% than one order of magnitude} y At the latitudes of the
daytime dip a small rise in conductivity can be distinguished:
E@ ~ 2 mho and Eﬂ ~ 3 mho.

In the EuPE—Asiatic sector (17:00 UT) the distribution of
electrical conductivity was substamflally different. The termi-
nator was at noon at +88O geomagnetie latitude, and durlng the
daytime hours most of the polar cap was sunlit. The auroral
region of increased conductivity, hawing during the nighttime ‘g;g
hours the same structure as in the American sector, merged in
the evenlng and morning hours with the sunlit region of increased
conductivity. The region of the daytime dip was masked by the
conductivity of the sunlit ionosphere. Thus, the schemes of
lonospheric conductivitiedilffered in that in the American sector
the auroral zone of increased conductivity was a broken clrecle,
Surroundédg on all sides by much lower conductivity, while in
the Asiatiec sector the ends of the conductive auroral zone merged
with the sunlit ionosphere.

At equinox (September 1960) at 05:00 UT (Fig, 11), the
pattern of the distribution of conductivity quite precisely



reproduced the distribution for the Aslatlce sector in January.

At 17:00 UT, the line of sunlit region was shifted to 75° geo-
magnetic latitude on the nighttime side. The sunlit ionosphere

was shifted even further into the auroral zone of increased con-
ductivity. In the polar cap there rémainedVOnly a small minimum |
(Z, ~ 2-3 mho). The conductivity of the auroral zone exceeded

by two to three times the values In the polar cap. On the night-
time slde, the auroral zone as before was confined by the pborly
conductive nighttime middle-latitudinal lonosphere.

In June (Fig. 12), the pattern of distribution of EH,P for
the American sector was close to that Just descrlbed. 1In the
Asiatic sector the terminator was shifted to 60° geomagnetic
latitude. The entire region delimited by this parallel was s
sunlit. Since the corpugcular ionization was comparable with
the solar, the auroral zone of increased conductivity appeared égg
in this case as well, but conductivity within i1t dild not differ
by more than 2-3 times from‘that of the surrounding ionosphere.

Thus, Bp examining the conditions for the formation of
the electrojet in the auroral zone, pne must bear 1n mind that
it depends not only on the geomagnetic activity, but also on the
geographic position of this region.

Conclusions

1. Basedoannrrocket measurements and ground-based iono-
spheriec soundings, the integrated Hall and Pedersen conductivities
were obtained as funections of the critical frequency of the E-~
layer.

2. A study was made of the integrated conductivities as
a function of magnetlc actlivity.

3. For different seasons, interrelationships of two types
sfrednductivity were establlished: 1) conductivity caused by
photoionization, and 2) conductlvity caused by the precipitating
of energetlc particles.
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